Patients with protracted sepsis develop impaired immunity, which predisposes them to acquiring secondary infections. One of the most common and lethal secondary infections is Pseudomonas aeruginosa pneumonia. Immunoadjuvant therapy is a promising approach to reverse sepsis-induced immunosuppression and improve morbidity and mortality from secondary infections. Interleukin-7 is an immunoadjuvant that improves survival in clinically relevant animal models of polymicrobial peritonitis and in fungal sepsis. This study investigated the effect of recombinant human interleukin-7 (rhIL-7) on survival in a 2-hit model of sublethal cecal ligation and puncture followed by P. aeruginosa pneumonia. Potential immunologic mechanisms responsible for the rhIL-7 putative beneficial effect were also examined, focusing on IL-17, IL-22, IFN-g, and TNF-a, cytokines that are critical in the control of sepsis and pulmonary Pseudomonas infections. Results showed that rhIL-7 was highly effective in preventing P. aeruginosa-induced death, i.e., 92% survival in rhIL-7-treated mice versus 56% survival in control mice. rhIL-7 increased absolute numbers of immune effector cells in lung and spleen and ameliorated the sepsis-induced loss of lung innate lymphoid cells (ILCs). rhIL-7 also significantly increased IL-17-, IFN-g-, and TNF-aproducing lung ILCs and CD8 T cells as well as IFN-gand TNF-a-producing splenic T cell subsets and ILCs. Furthermore, rhIL-7 enhanced NF-kB and STAT3 signaling in lungs during sepsis and pneumonia. Given the high mortality associated with secondary P. aeruginosa pneumonia, the ability of rhIL-7 to improve immunity and increase survival in multiple animal models of sepsis, and the remarkable safety profile of rhIL-7, clinical trials with rhIL-7 should be considered.
Introduction
Sepsis results in .250,000 deaths annually in the United States, and it still remains one of the leading causes of death in most intensive care units [1, 2] . After sepsis onset, both proand anti-inflammatory responses occur. However, if sepsis persists, massive apoptosis of immune cells occurs in both myeloid and lymphoid lineages, resulting in compromised host immunity. In addition, sepsis up-regulates expression of T cell inhibitory receptors and ligands and induces increases in T regulatory and myeloid-derived suppressor cell numbers. These pathologic processes result in immune effector cells that have greatly reduced production of key cytokines and a propensity to undergo apoptotic cell death [3, 4] . Consequently, the balance of immune status shifts to a predominant anti-inflammatory and immunosuppressive phase [3] [4] [5] [6] [7] [8] . Despite advances in treatment algorithms and development of new antimicrobial agents, secondary nosocomial pneumonia remains a frequent cause of deaths in intensive care units, with mortality estimated to be between 33 and 50% [9] . One of the major causative bacterial pathogens is Pseudomonas aeruginosa, an opportunistic pathogen frequently occurring in patients with impaired immunity [9, 10] .
Currently, there is a great deal of interest in the use of immunoadjuvant therapy to boost host immunity in patients with life-threatening infections occurring during the immunosuppressive phase of the disorder [3, 5] . IL-7 is a stromal cell-derived cytokine that stimulates proliferation of cells in the lymphoid lineage and has crucial roles for survival, development, and homeostasis of lymphocytes [11] [12] [13] . rhIL-7 is one of the most promising of these new immunoadjuvants; rhIL-7 has been effective in decreasing mortality in immunosuppressive animal models of sepsis and in patients with virulent viral infections [14, 15] .
The purpose of this study was to determine whether rhIL-7 improves survival in a clinically relevant, 2-hit model of P. aeruginosa pneumonia. Potential beneficial immunologic mechanisms of rhIL-7 were also investigated. In particular, effects of rhIL-7 to increase the number of immune effector cells and to improve production of key cytokines that are essential in host defense against P. aeruginosa were examined. Specifically, effects of rhIL-7 on IL-17, a cytokine that enhances neutrophil recruitment to sites of infection; IL-22, a cytokine that has protective effects on nonhematopoietic cells, including lung epithelial cells; IFN-g, a cytokine that stimulates antimicrobial properties of monocyte/ macrophages; and TNF-a, a cytokine that has been shown to be beneficial in containing P. aeruginosa, were investigated.
MATERIALS AND METHODS

Mice
Eight-to 10-week-old, male, C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Procedures were approved by the Animal Studies Committee at Washington University School of Medicine.
Sepsis model with secondary Pseudomonas aeruginosa pneumonia: a 2-hit model of sepsis
The 2-hit sepsis model of polymicrobial sepsis from CLP, followed by P. aeruginosa pneumonia, was used. This 2-hit model produces an immunosuppressive state that reflects the impaired immunity occurring in patients with protracted sepsis [16, 17] . CLP was performed as the "first hit" to induce polymicrobial peritonitis. Intratracheal injection of P. aeruginosa was the "second hit." For CLP, mice were anesthetized with isoflurane, and a midline incision was performed. The cecum was ligated at a position one-third from the distal end, was punctured once using a 27-gauge needle, and the abdomen was closed; 1 ml of 0.9% normal saline mixed with 0.05 mg/kg/body weight of buprenorphine was immediately administered postoperatively, and 1 mg imipenem with 1 ml saline was administered s.c. 4 h postoperatively. The same procedure was followed for sham surgery, except that the cecum was not ligated and not punctured in these mice.
P. aeruginosa (27853; ATCC, Manassas, VA, USA) was grown overnight at 37°C in tryptic soy broth. Cells were harvested by centrifugation, and the pellet was washed and resuspended in sterile saline to obtain an optical density of 0.5 A 600 . Colony counts of inoculum corresponded to a concentration of 1.8-5.3 3 10 8 CFU/ml. At d 3 after CLP, surviving mice were anesthetized with isoflurane. An outer sheath of a 24-gauge catheter was inserted orally into the trachea under direct vision. Using a pipette, 25 ml of 0.5-A 600 P. aeruginosa suspension was injected through the sheath. Mice were held in the vertical position for 15-30 s. The timing to inject P. aeruginosa (d 3 after CLP) was determined so that pneumonia was induced at the most immunosuppressive point after CLP (Muenzer et al. [16] and Supplemental Fig. 1A ). The inoculum dose of P. aeruginosa was also determined so that the mortality rate in the control group (mice with intratracheal P. aeruginosa infection after CLP and no rhIL-7 treatment) would be approximately 50%, and almost all sham-operated mice with P. aeruginosa infection would survive (Supplemental Fig. 1B ). Imipenem (1 mg/mouse) diluted in 1 ml 0.9% saline was s.c. administered at 2 h after P. aeruginosa infection (Fig. 1A) to more accurately reflect the clinical situation in which patients with pneumonia receive antibiotic therapy. Imipenem treatment after P. aeruginosa infection prolonged the survival of CLP mice by 12-48 h (Supplemental Fig. 1C ).
Treatment with rhIL-7 rhIL-7 was provided by Revimmune (Bethesda, MD, USA) and was prepared as described previously [18] . Human IL-7 cross-reacts with mouse IL-7 receptors [19] [20] [21] ; 2.5 mg of rhIL-7 in 100 ml of saline was administered s.c. on 6 d consecutively, beginning at 6 h after CLP, 3 d before intratracheal injection of P. aeruginosa (Fig. 1A ). This experimental protocol was determined based on our previous studies and preliminary experiments [15, 18, 22] . Control groups of mice received 100 ml of 0.9% normal sterile saline s.c.. Survival of rhIL-7-treated and saline-treated CLP mice was monitored through d 12 after CLP. For in Figure 1 . rhIL-7 treatment improves survival in an animal model of sepsis followed by P. aeruginosa pneumonia. (A) Experimental design. Mice underwent CLP on d 0 by puncturing the cecum once using a 27-gauge needle. On d 3 after CLP, 25 ml of 0.5 A 600 P. aeruginosa suspension (corresponding to 4.4-7.6 3 10 6 CFUs) was injected intratracheally. Mice received s.c. rhIL-7 injections on 6 d consecutively starting at 6 h after CLP; a dose of imipenem was administered both at 4 h after CLP and at 2 h after P. aeruginosa infection. (B) Survival curves of CLP mice treated with rhIL-7 (solid line) or saline (dotted line). Results of 3 independent experiments were combined. One mouse in the rhIL-7-treated group and 2 in the saline-treated (control) groups died before intratracheal P. aeruginosa injection. After the P. aeruginosa infection, 23 of 24 mice survived in rhIL-7-treated groups. However, 9 of 23 mice died in the control groups; of which, more than a half died within 48 h after P. aeruginosa injection.
vitro studies, additional groups of sham mice received rhIL-7 or saline as controls. Note that all sham-operated and CLP mice had intratracheal injections of P. aeruginosa. One-half of the sham mice that had intratracheal injection of P. aeruginosa received rhIL-7, and one-half of the sham mice that had intratracheal injections of P. aeruginosa received saline diluent. All mice that underwent CLP had intratracheal injections of P. aeruginosa, with one-half receiving rhIL-7 and one-half receiving saline diluent.
Sampling procedures
To assess effects of sepsis and rhIL-7 treatment, mice were sacrificed on d 4 (at 16 h after intratracheal P. aeruginosa injection). Blood was drawn by cardiac puncture and was placed in sterile tubes with lithium heparin. The blood was centrifuged at 2000 g for 10 min, and the supernatants were frozen at 280°C for ELISA. BAL was performed with 3 ml sterile saline, as previously described [16] . The first 1 ml of BAL fluid was centrifuged at 460 g for 5 min, and the supernatant was stored at 280°C for ELISA. Cell pellets from 3 ml of BAL were used for staining to count neutrophils. Lungs and spleens were harvested for flow cytometric analyses or homogenized with a tissue disruptor in 1 ml sterile saline for ELISA. Perfusion of the lungs was not performed. The homogenates were centrifuged at 8160 g for 10 min at 4°C and the supernatants were stored at 280°C for ELISA. Harvested lungs were also immediately frozen in liquid nitrogen and stored at 280°C for immunoblot analysis.
Cell isolation
After lungs were harvested, the tissues were cut into small pieces (1;2 mm) and were added to 5 ml of RPMI 1640. The tissues were digested with deoxyribonuclease I (Atlanta Biologicals, Flowery Branch, GA, USA) (5000 U/ml), hyaluronidase (Sigma-Aldrich, St. Louis. MO) (10,000 U/ml), and Liberase (Roche, Basel, Switzerland) (26 U/ml) at 37°C for 40 min with shaking. To stop the digestion, 500 ml of FBS was added for 1 min at room temperature. The lung tissues were then dissociated and filtered through a 70 mm cell strainer. Spleens were dissociated through 70-mm cell strainers in HBSS containing 2% FBS. After the suspensions of both lung cells and splenocytes were centrifuged, RBCs were lysed at room temperature for 2 min, and the cells were resuspended with IMDM containing 10% FBS.
Quantitation of cytokines by ELISA
Using stored plasma and supernatants of BAL fluid and lung and spleen homogenates, ELISA was performed to quantitate IL-17 and IL-22 by Mouse IL-17 DuoSet and Mouse IL-22 DuoSet (both from R&D Systems, Minneapolis, MN, USA). Similarly, IFN-g and TNF-a were quantitated using IFN-g Mouse Antibody Pair and TNF-a Mouse Antibody Pair (both from Life Technologies, Carlsbad, CA, USA). All procedures for ELISA were performed according to the manufacturers' instructions. The lower limits of detection were as follows: 15.6 pg/ml (BAL fluid and plasma) and 7.8 pg/ml (lung and spleen homogenates) for IL-17; 31.2 pg/ml (BAL fluid and plasma) and 15.6 pg/ml (lung and spleen homogenates) for IL-22; and 15.6 pg/ml for IFN-g; and 15.6 pg/ml for TNF-a.
Flow cytometry
For phenotypic and functional analysis of immune cells in lungs and spleens, the following Abs were used: fluorochrome-conjugated Abs to mouse CD45, CD3, TCR-g/d, CD8, NK1.1, CD19, CD90, NKp46, ST2, Ly6G, F4/80, CD11b, IL-17, and IFN-g, as well as Zombie NIR dead/live stain, were purchased from BioLegend (San Diego, CA, USA). Fluorochrome-conjugated Abs to mouse IL-22 and TNF-a were from eBioscience (San Diego, CA, USA), and PE-CF594-conjugated anti-mouse CD4 was from BD Biosciences (San Jose, CA, USA). These Abs were used for phenotyping of T cells and ILCs. 
Stimulation of immune cells for intracellular cytokine staining
Single-cell preparations (4 3 10 6 /well for spleen; #4 3 10 6 /well for lungs) from lungs and spleens were stimulated in culture in the presence of 50 ng/ml PMA, 1 mg/ml ionomycin (both from Sigma-Aldrich) and GolgiPlug (BD Biosciences) at 37°C for 4 h in 5% CO 2 . After the culture, cells were spun down and incubated in Fc receptor block (TruStain FcX; BioLegend). Cell surface markers were stained with Abs to surface markers as indicated in Supplemental Table 1 . Cells were then fixed using BD Cytofix (BD Biosciences), permeabilized in 0.5% saponin buffer, and stained with the following 2 Ab cocktails: 1) IL-22-PE and IL-17-A647, and 2) IFN-g-PE and TNF-a-APC (Supplemental Table 1 ).
Immunoblot analysis
Western blot analysis was performed to assess the activation status of NF-kB and STAT3 signaling in lung homogenates from mice after CLP and pneumonia induction. Abs for phospho-p65 and phospho-STAT3 were purchased from Cell Signaling Technology (Danvers, MA, USA). Procedures were performed according to the manufacturer's instructions.
Statistical analysis
Survival times between rhIL-7-treated and saline-treated CLP mice were compared using the log-rank test and are presented as Kaplan-Meier curves. Data from the ELISA, FACS, and immunoblotting were analyzed with the Mann-Whitney U test to assess rhIL-7 treatment effect. The statistical software Prism (GraphPad Software, La Jolla, CA, USA) was used. A P value # 0.05 was considered statistically significant.
RESULTS
rhIL-7 treatment improves survival in P. aeruginosa pneumonia
We used the well-developed animal model of sepsis induced by CLP to evaluate whether rhIL-7 treatment can prevent deaths from secondary P. aeruginosa pneumonia. rhIL-7 was administered to groups of mice at 6 h after CLP, followed by daily administration for 5 d consecutively. Pneumonia was elicited by intratracheal infection with P. aeruginosa on d 3 after CLP (Fig. 1A) . In mice that underwent CLP followed by P. aeruginosa pneumonia, rhIL-7-treated mice had significantly improved survival compared with saline-treated control mice, i.e., 92% (23 of 25) vs. 56% (14 of 25) of mice surviving, respectively ( Fig. 1B ; P = 0.006). These results are the data from 3 separate survival studies, with a total of 25 mice cumulatively in each of the 2 groups.
rhIL-7 increases the number of lymphocytes in lung and spleen tissues during sepsis and pneumonia Recent evidence suggests that neutrophils are early essential responders to P. aeruginosa infections [25] . A previous study from our group found that the rhIL-7 facilitated neutrophil recruitment to sites of infection [26] . To determine whether rhIL-7 increased neutrophil recruitment in the lung, we quantified absolute numbers of neutrophils within the BAL fluid at 16 h post P. aeruginosa infection. There were no significant differences in neutrophil numbers in BAL fluid between the different treatment groups (Supplement Fig. 2) .
IL-7 has important roles in the development, proliferation, and maintenance of T cells and ILCs [11, 12] . IL-7 also increases antiapoptotic Bcl-2 family members, which decrease sepsis-induced apoptosis. Thus, we hypothesized that the improved survival of rhIL-7-treated mice in our 2-hit model may have been a result of expanded numbers or improved functionality of various lymphocyte subsets in rhIL-7-treated mice. Our previous studies showed that rhIL-7 treatment in septic mice increases lymphocyte numbers, in particular, CD4 and CD8 T cell numbers [18, 22] , which could positively affect host immunity to P. aeruginosa infection. IL-7 is an important cytokine for ILC differentiation; however, the effect of rhIL-7 administration on ILC numbers or function is currently unknown. To assess the effects of rhIL-7 treatment on ILC and T cell numbers, we subjected naive mice to rhIL-7 treatment (4 doses on 4 d consecutively) in the absence of sepsis or infection and analyzed ILC and T cell numbers and the frequency of proliferating cells on d 5. We noted that, compared with saline-treated naive mice, rhIL-7-treated mice had significantly increased cell numbers in the spleen, not only of T cell subsets, such as CD4 and CD8 T cells, TCR-gd T cells, and NKT cells, but also of the ILC examined, as well as in ILC3s in the spleens in rhIL-7-treated mice. In the lungs, the effects of rhIL-7 treatment on lymphocyte numbers were more moderate, where, among T cells, only CD8
+ , TCR-gd T cells, and NKT cells were significantly expanded in the lungs. However, we noted the presence of a distinct ILC3 population in the lungs of rhIL-7-treated mice, whereas control lungs were almost devoid of ILC3s (Fig. 2B and C) . Similar to what we observed in the spleen, rhIL-7 treatment resulted in a significantly higher frequency of lung T cells that were actively proliferating. Among ILCs, we found higher frequencies of proliferating ILC2s and ILC3s in lung tissues, whereas NK cell numbers and proliferation were unchanged (Fig. 2B) . Given that rhIL-7 treatment increased the numbers of both T cells and ILC subsets in naive mice, we hypothesized that rhIL-7 treatment could also increase the numbers of these cell types in sepsis and pneumonia, which might contribute to the survival benefit seen in our 2-hit model. To test this hypothesis, we subjected mice to CLP and pneumonia or to a sham procedure followed by pneumonia and assessed absolute numbers of T cell and ILC subsets in lungs and spleens of mice subjected to CLP and pneumonia (Fig. 3) . When rhIL-7 was administered to sham (nonseptic) mice before P. aeruginosa infection, rhIL-7 significantly increased numbers of CD8 T cell, TCR-gd T cells, and NKT cells in both lungs and spleens ( Fig. 3A and B) . Importantly, mice subjected to CLP before pneumonia also had significant increases in the numbers of CD8 T and NKT cells in both lungs and spleens, and TCR-gd T cells in the spleen, when treated with rhIL-7, although the magnitude of the increase was not as high as in the sham-operated mice.
When assessing numbers of NK cells, ILC2s (Lin 2 ), we found similar effects of rhIL-7 in mediating increases in cell numbers in infected mice with sham surgery (Fig. 3A and B) . CLP tended to induce the loss of lung NK cells, ILC2s and ILC3s (Fig. 3A) . However, rhIL-7 treatment significantly increased the numbers of lung ILC2s and ILC3s and splenic ILC2s in CLP mice, compared with saline control (Fig. 3A and B) . These results suggest that increased numbers of ILCs as well as those of T cells may be associated with the protective mechanisms of rhIL-7 treatment in this 2-hit model.
rhIL-7 does not enhance circulating and local level of cytokines during sepsis and pneumonia IL-17, IL-22, IFN-g, and TNF-a are cytokines that have been reported to be beneficial for host defense during sepsis and during P. aeruginosa pneumonia [4, 10, [26] [27] [28] [29] [30] . We assessed levels of these cytokines in plasma, BAL fluid, and in lung and spleen homogenates of rhIL-7-treated mice at 16 h after pneumonia (Fig. 4) . Although we found a larger proportion of plasma and BAL fluid samples with detectable IFN-g levels in the sham-operated group with rhIL-7 treatment compared with the sham-operated mice treated with saline, these differences were not statistically significant ( Fig. 4A and B) . Similarly, there were no differences in IFN-g levels in plasma, BAL fluid, and lung or spleen homogenates between CLP mice with or without rhIL-7 treatment (Fig. 4) . Levels of IL-17 and TNF-a were similar between the individual treatment groups in the tested tissues; IL-22 levels were below the detection limit in most samples (Fig. 4) .
rhIL-7 increases IL-17-, IFN-g-, and TNF-a-producing ILCs and CD8 T cells in lungs
Although circulating and local levels of cytokines were unchanged between CLP mice with and without rhIL-7, we reasoned that rhIL-7 treatment can alter local cytokine production by enhancing the immune function of a subset of lymphocytes, rather than all lymphocytes; an effect that may not readily be detected when testing whole lung homogenate or BAL fluid for cytokine levels. Subsets of T cells and ILCs are potent producers of IL-17, IL-22, IFN-g, and TNF-a [11, [30] [31] [32] . Thus, we focused on the effect of rhIL-7 on the contribution of these cell types, i.e., CD4 and CD8 T cells, TCR-gd T cells, NKT and NK cells, and ILCs on cytokine production during sepsis and pneumonia. When assessing cytokine production on a cellular level in the lungs of P. aeruginosa-infected mice, we noted that rhIL-7 treatment increased the frequencies and numbers of IL-17-, IL-22-, IFN-g-, and TNF-a-producing T cells and ILCs in the lungs of shamoperated mice with pneumonia ( Fig. 5A and B, and Supplemental Figs. 3A and 4). These cytokine-enhancing effects of rhIL-7 were attenuated by CLP. No significant IL-22-producing lymphocyte population was detected in the lungs of CLP mice. Importantly, lung Lin 2 CD90 + ILCs, which putatively represent a mixed ILC2 and ILC3 population that produced IL-17, IFN-g, and TNF-a, were significantly increased with rhIL-7 treatment ( Fig. 5A and B, and Supplemental Fig. 4A ). In addition to increases in cytokine-producing Lin 2 CD90 + ILCs, rhIL-7-treated CLP mice had significantly increased IL-17-and IFNg-producing CD8 T cells compared with saline-treated CLP mice ( Fig. 5A and Supplemental Fig. 4B ).
rhIL-7 increases the numbers of IFN-g-, TNF-a-, IL-17-, and IL-22-producing lymphocytes in spleens
When examining cytokine-producing lymphocytes in the spleens of P. aeruginosa-infected mice, we observed that rhIL-7 treatment led to significant increases in the numbers of IFN-g-and TNFa-producing CD4 T, CD8 T, TCR-gd T, and NKT and NK cells and Lin 2 CD90 + ILCs in mice after CLP and pneumonia induction ( Fig. 6 and Supplemental Figs. 3B and 4). Furthermore, the number of IL-17-producing splenic Lin 2 CD90 + ILCs was increased significantly in the rhIL-7 treatment groups (Fig. 6A ). These effects were even more pronounced in shamoperated mice. Intriguingly, although we detected a few IL-22-producing lymphocytes in the spleens of sham-operated mice, CLP mice had measurable numbers of splenic IL-22-producing CD4 T cells, NK cells, and Lin 2 CD90 + ILCs (Fig. 6A ). There was a significant increase in the number of IL-22-producing splenic CD8 T cells. There was also a trend of more IL-22-producing NK cells with rhIL-7 treatment in CLP mice, although this was not statistically significant (P = 0.065).
The increases in cytokine-producing T cell and ILC numbers were not due to a general expansion of these subsets during the rhIL-7 treatment; rather, it appears that their cytokine-producing functions were specifically enhanced by rhIL-7. For instance, although Lin 2 CD90 + ILC numbers were increased 2.1-fold in spleens of the rhIL-7-treated mice over those in saline-treated mice after CLP and pneumonia, the number of IFN-g-producing Lin 2 CD90 + ILCs was increased 4.0-fold in these mice (Supplemental Fig. 4A ). Similar effects were seen in CD8 T cells, which showed specific increases in IFN-g responses (Supplemental Fig. 4B ). Interestingly, although both the absolute number of splenic CD8 T cells and the number of TNF-a-producing CD8 T cells were increased to similar levels in rhIL-7-treated mice (Supplemental Fig. 4B ), the number of TNFa-producing splenic Lin 2 CD90 + ILCs was increased 4.5-fold, and this value was significantly higher than the 2.1-fold increase in absolute Lin 2 CD90 + ILC number (Supplemental Fig. 4A ). Thus, rhIL-7 treatment not only expanded T cell and ILC numbers but also increased their functions.
Taken together, rhIL-7 treatment during sepsis and pneumonia led to an increase in the numbers of IL-17-, IFN-g-, and TNF-a-producing lung ILCs and CD8 T cells; and IFN-g-, TNF-a-, IL-17-, and IL-22-producing splenic T cells and ILCs, consistent with enhanced lymphocyte functions as a possible mechanism to explain the protective effect of rhIL-7 treatment in sepsis and P. aeruginosa pneumonia.
rhIL-7 treatment increases NF-kB and STAT3 signaling in lungs
Given the effect of rhIL-7 to increase several key cytokines, we examined whether cells from lung homogenates of CLP mice treated with rhIL-7 had increased NF-kB activation, a transcription factor that is essential for cytokine production. Additionally, we investigated whether lung homogenates from rhIL-7-treated, septic mice had increased phosphorylated STAT3 expression; STAT3 has been reported to be an important mediator of repair following lung injury [33] . Compared with saline-treated mice that had CLP and pneumonia, rhIL-7-treated mice that had CLP and pneumonia had a significant increase in the level of phosphorylated p65, the active form of the NF-kB, in lung homogenates (Fig. 7A and B) . Similarly, rhIL-7 also increased the levels of phosphorylated STAT3 within lungs of CLP mice with pneumonia compared to saline-treated controls ( Fig. 7A and B) .
DISCUSSION
The present results demonstrating that rhIL-7 improves survival in secondary P. aeruginosa pneumonia are an important addition to the growing evidence that IL-7 immunoadjuvant therapy represents an effective new approach in sepsis. Our group has previously shown that rhIL-7 improves immunity and survival in a primary peritonitis model of sepsis and in secondary infections from fungal pathogens [15, 18, 22, 26] . Other investigators [34, 35] have shown that rhIL-7 improves host immunity in viral infections. Multiple clinical case reports document that rhIL-7 decreased viral load to undetectable levels and resulted in survival of patients with JC virus-induced, progressive, multifocal leukoencephalopathy [14, 36] . Thus, rhIL-7 is an effective immunoadjuvant against a number of diverse bacterial, fungal, and viral pathogens. The present results are particularly significant because P. aeruginosa is a leading cause of hospitalacquired pneumonia and carries an extremely high mortality rate. Importantly, many patients succumb to P. aeruginosa despite therapy with antimicrobial drugs to which the organism is susceptible, thereby suggesting that impaired host immunity may be one factor in the poor outcome [37] . In that regard, P. aeruginosa particularly targets patients with known immunosuppression [38] . Therefore, therapy with agents that boost host immunity may offer a significant additive benefit to conventional antimicrobial therapy. IL-7 has been termed the "maestro" of the immune system because of its multitude of effects to enhance host immunity [39] . One of the major pathophysiologic events in sepsis is depletion of key immune effector cells, including various subsets of T cells [4] . In this study, we demonstrated that administration of rhIL-7 induced the proliferation of ILCs and innate-like T cells, in addition to CD4 and CD8 T cells, in naive mice. Thus, we speculated that increased proliferation of these cells also occurs during the 2-hit model of sepsis and P. aeruginosa pneumonia, which could contribute to protection from lethal pneumonia. In addition, IL-7 also acted to ameliorate depletion of immune cells by blocking sepsis-induced apoptosis [40] . The antiapoptotic effects of IL-7 are due to its action to increase antiapoptotic Bcl-2 family members and decrease proapoptotic Bcl-2 family members [12] . In the present study, rhIL-7-treated mice that had CLP followed by P. aeruginosa pneumonia had increased absolute numbers of lung and spleen immune effector cells, i.e., CD8, TCR-gd T cells, NKT cells, and ILCs, compared with control mice that received saline diluent (Fig. 3) . This lymphocyte sparring effect of rhIL-7 was most likely due to both its ability to decrease sepsis-induced apoptosis and its effect on inducing lymphocyte proliferation, as shown in the present study, as well as in 2 of our previous sepsis studies [18, 22] .
A major pathophysiologic effect of sepsis is impaired T cell and monocyte/macrophage production of cytokines, which are essential for containing and killing pathogens [4] . In the present study, we investigated IFN-g, IL-17, and TNF-a because of their reported beneficial roles for improving host defenses in sepsis and P. aeruginosa infection [4, 10, 32] . The present results show that, in the 2-hit CLP and pneumonia model, rhIL-7 caused an increase in IFN-g-producing lung Lin 2 CD90 + ILCs and CD8 T cells and splenic T cell subsets and ILCs (Figs. 5 and 6 ). These results showing rhIL-7's effects of increasing IFN-g are particularly important, given recent work by Pastille et al. [41] who demonstrated the importance of IFN-g in the host defense against P. aeruginosa pneumonia after CLP.
The effect of rhIL-7 of increasing cytokines was not restricted to IFN-g, i.e., rhIL-7 also increased the absolute number of spleen and lung cells producing IL-17 and TNF-a. Interestingly, the cytokine-promoting effect of rhIL-7 was more pronounced in the sham-operated mice with pneumonia compared with mice that had undergone CLP and then developed pneumonia (Figs. 5 and 6 ). The presence of preceding polymicrobial peritonitis blunted, but did not abolish, the ability of rhIL-7 to increase cytokine-producing cells in lung and spleen. The ability of rhIL-7 to increase IL-17 may also contribute to rhIL-7's salutary effect of improving survival in P. aeruginosa pneumonia. In this regard, independent groups [28, 42] have reported that IL-17 and its receptor pathway are pivotal in facilitating pulmonary clearance of gram-negative bacteria and thereby improving survival. TNF-a also has an important role in mouse models of P. aeruginosa pneumonia [10] . Particularly relevant to the present study were findings from Song et al. [43] , who also conducted experiments in a 2-hit model of CLP followed by P. aeruginosa pneumonia. These investigators showed that neutralization of TNF-a reversed the protective effect of IL-4 knockout in this 2-hit pneumonia model, consistent with a protective role for TNF-a. In short, rhIL-7 increased production of 3 unique cytokines that have been reported to have essential roles in resolving P. aeruginosa pneumonia, thereby underscoring the pleiotropic effects of rhIL-7 during infection. This ability of rhIL-7 to increase multiple cytokines is likely partly due to its effect of activating CD4 T helper cells that are master regulators of host immunity and induce crosstalk between the innate and adaptive immune systems.
A novel finding in the present study was the effect of rhIL-7 on ILCs. IL-7 is known to be important for ILC development and maintenance [11] . The current investigation was, to our knowledge, the first work to document the capability of rhIL-7 treatment to affect the number and function of ILCs. Administration of rhIL-7 to naïve mice (nonsepsis and nonpneumonia) induced ILC proliferation (Fig. 2) . rhIL-7 ameliorated sepsisinduced cell loss of ILC2s and ILC3s in lungs during sepsis and P. aeruginosa pneumonia. rhIL-7 significantly increased the number of IL-17-, IFN-g-, and TNF-a-producing ILCs in lungs and spleens of sham-operated and CLP mice with P. aeruginosa pneumonia (Figs. 5 and 6 and Supplemental Fig. 4 ). This ability of rhIL-7 to activate ILCs may be vital in enabling the host to rapidly mobilize immune defenses and contain the invading pathogens before the time when CD4 and CD8 T cells are able to respond.
NF-kB and STAT3 are essential transcriptional factors involved in pathogen elimination and recovery from lung injury in pneumonia [33] . In this study, we revealed that rhIL-7 treatment increased NF-kB and STAT3 signaling in lungs during sepsis and gated as indicated in Fig. 2 P. aeruginosa pneumonia (Fig. 7) . The activation of NF-kB may be associated with increased numbers of activated lymphocytes that produce cytokines, including IL-17, IFN-g, and TNF-a (Fig. 5 ). STAT3 is a transcription factor downstream of cytokine receptor signaling. Recent work [33] demonstrated that STAT3 is activated in epithelial cells after IL-22 exposure and orchestrates epithelial repair mechanisms during pneumonia. Although there were no differences in IL-22 production from lung immune cells Figure 6 . rhIL-7 increases the number of cytokine-producing lymphocytes in spleen. The numbers of IL-17-, IL-22-, IFN-g-, and TNF-a-producing cells within spleens were analyzed by flow cytometry in mice with sham surgery or CLP, treated with either rhIL-7-or saline, at 16 h after P. aeruginosa infection. (A) Graphs show the absolute numbers of IL-17-, IL-22-, IFN-g-, and TNF-a-producing T cell and ILC subsets in spleens of infected mice. Cells were restimulated and analyzed as in Fig. 5 . In CLP mice with P. aeruginosa pneumonia, rhIL-7 treatment increased the numbers of IFN-g-, TNF-a-, IL-17-, and IL-22-producing T cell subsets and ILCs in spleens. Results of 3 independent experiments were combined. Horizontal lines and error bars represent means 6 SD. Asterisks indicate significant differences in values (*P , 0.05; **P , 0.01; ***P , 0.001). between CLP mice with and without rhIL-7 treatment, activation status of STAT3 was significantly increased in rhIL-7-treated CLP mice (Fig. 7) . Thus, activated NF-kB and STAT3 signaling in lungs is consistent with the protective effect of rhIL-7 during sepsis and P. aeruginosa pneumonia. rhIL-7 treatment has been well tolerated in .300 patients with a variety of infectious and oncologic diseases [12] . Unlike IL-2, a closely-related cytokine, rhIL-7 treatment has an excellent safety profile and rarely induces fever, capillary leak syndrome, or other clinical findings associated with excessive proinflammatory cytokines [12] . Given its multiple beneficial effects on host immunity; its reported efficacy in bacterial, fungal, and animal sepsis models; and its excellent clinical track record [12, 14, 18, 22, 26, 36] , we believe that rhIL-7 represents an excellent candidate for clinical testing in patients with sepsis. Importantly, Venet et al. [44] recently demonstrated the ability of rhIL-7 to reverse sepsis-induced T cell alterations in patients with septic shock. Their studies showed that ex vivo treatment of patients' cells with rhIL-7 corrected multiple sepsis-induced defects, including CD4 and CD8 T cell proliferation and IFN-g production. Thus, functional restoration by rhIL-7 indicates that the IL-7 pathway remains fully operative during sepsis and provides further support for clinical trials with this cytokine, as advocated by the authors of that study [44] .
In conclusion, rhIL-7 provided potent protection in a 2-hit model of CLP followed by P. aeruginosa pneumonia. rhIL-7 increased the number of immune effector cells in lungs and spleens. Moreover, rhIL-7 increased the number of lymphocytes that produce IFN-g, IL-17, and TNF-a, cytokines that are important in the host defense against sepsis and P. aeruginosa pneumonia. The effects of rhIL-7 were observed not only on CD4 and CD8 T cells but also on TCR-gd T cells, NK cells, and ILCs. Furthermore, rhIL-7 activated NF-kB and STAT3 in lungs during sepsis and P. aeruginosa pneumonia. Thus, rhIL-7 acts broadly on multiple components of host immunity to enhance the ability to fight pathogens. Given the excellent safety record of rhIL-7 in clinical trials to date and the high mortality associated with sepsis, immunoadjuvant therapeutic trials with rhIL-7 should be considered strongly. 
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